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Previously, it has been shown that in Drosophila steroid 
hormones are required for progression of oogenesis during 
late stages of egg maturation. Here, we show that ecdys- 
teroids regulate progression through the early steps of 
germ cell lineage. Upon ecdysone signalling deficit germ- 
line stem cell progeny delay to switch on a differentiation 
programme. This differentiation impediment is associ- 
ated with reduced TGF-p signalling in the germline and 
increased levels of cell adhesion complexes and cytoske- 
letal proteins in somatic escort cells. A co-activator of the 
ecdysone receptor, Taiman is the spatially restricted 
regulator of the ecdysone signalling pathway in soma. 
Additionally, when ecdysone signalling is perturbed 
during the process of somatic stem cell niche establish- 
ment enlarged functional niches able to host additional 
stem cells are formed. 
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Introduction 

One of the key characteristics of adult stem cells is their 
ability to divide for a long period of time in an environment 
where most other cells are quiescent. Typically, stem cells 
divide asymmetrically where a mother cell gives rise to two 
daughter cells with different fates, another stem cell and a 
differentiated progeny (Gonczy, 2008) . 

Adult stem cells also require niches. The niche itself is 
as significant as stem cell autonomous functions and its 
environment has the potential to reprogramme somatic cells 
and to transform them into stem cells (Brawley and Matunis, 
2004; Kai and Spradling, 2004; Boulanger and Smith, 2009). 
The niche includes all cellular and non-cellular components 
that interact in order to control the adult stem cell. These 
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interactions can be divided into one of two main mechanistic 
types— physical contacts and diffusible factors. Diffusible 
factors travel over varying distances from a cell source to 
instruct the stem cell, often affecting transcription (Walker 
et al, 2009) . Stem cells must be anchored to the niche through 
cell-to-cell interactions so they will stay both close to niche 
factors that specify self-renewal and far from differentiation 
stimuli. While multiple studies focused on the aspects of how 
the niche regulates stem cells, the question of how the niche 
is established itself has not been addressed in depth. 

The Drosophila ovarian stem cell niche model is an 
exemplary system where two different stem cell types, germ- 
line stem cells (GSCs) and somatic escort stem cells (ESCs) 
share the same niche and coordinate their development. 
Niche cells contact GSCs via E-cadherin and Integrin- 
mediated cell adhesion complexes that bind to the extracel- 
lular matrix and connect to the cytoskeleton and this physical 
docking of stem cells to the niche is essential for GSC 
maintenance (Xie and Spradling, 2000; Tanentzapf et al, 
2007). In addition, the stem cell niche sends short-range 
signals that specify and regulate stem cell fate by maintaining 
the undifferentiated state of GSCs next to the niche. Not only 
does the niche have an effect on stem cells, but also the stem 
cells communicate with the niche. A feedback loop exists 
between the stem cells and niche cells: Delta from the GSC 
can activate Notch in the somatic cells that maintains a 
functional niche and in turn controls GSC maintenance 
(Ward et al, 2006). While the management of GSCs within 
the niche is relatively well understood, the control of the other 
present stem cell type, ESCs is not clear. An ESC, like a GSC 
divides asymmetrically producing another ESC and a daugh- 
ter, escort cell (EC) that will differentiate into a squamous cell 
that envelops the GSC progeny once disconnected from the 
niche. It is believed that developing cyst encapsulation by ECs 
protects from TGF-p signalling that maintains GSC identity 
(Decotto and Spradling, 2005). The ESC and GSC cycles have 
to be tightly coordinated, so a sufficient number of ECs will be 
produced in response to GSC division. However, the pathway 
used for GSC and ESC communication is unknown. 

Adult stem cell division mostly is activated locally in re- 
sponse to tissue demands to replace lost cells. In addition, stem 
cells can be regulated via more general stimuli in response to 
systemic needs of the whole organism. Hormones are systemic 
regulators that regulate a variety of processes in different 
organs in response to the body's status. Even though the effects 
of hormonal signalling have been extensively studied, the 
specific roles for hormones in stem cell biology remain com- 
plex, poorly defined and difficult to study in vivo. 

Drosophila is a great system to study the role of endocrine 
signalling as it contains only one major steroid hormone, 
ecdysone (20-hydroxyecdysone, 20E) that synchronises the 
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behavioural, genetic and morphological changes associ- 
ated with developmental transitions and the establish- 
ment of reproductive maturity (Shirras and Bownes, 
1987; Riddiford, 1993; Buszczak et al, 1999; Kozlova and 
Thummel, 2003; Gaziova et al, 2004; Schubiger et al, 2005; 
Terashima and Bownes, 2005; McBrayer et al, 2007). 
Ecdysteroids act through the heterodimeric nuclear receptor 
complex consisting of the ecdysone receptor, EcR (Koelle 
et al, 1991) and its partner ultraspiracle (USP), the 
Dwsophila retinoid X receptor homologue (Shea et al, 
1990; Oro et al, 1992; Yao et al, 1992). The ecdysone/EcR/ 
USP receptor/ligand complex binds to ecdysone response 
elements (EcREs) to coordinate gene expression in diverse 
tissues (Riddihough and Pelham, 1987; Cherbas et al, 1991; 
Dobens et al, 1991). Ecdysone signalling is patterned spatially 
as well as temporally; depending on the tissue type and the 
developmental stage, the EcR/USP complexes with different 
co-activators or co-repressors including Taiman, Alien, Rig, 
SMRTER, Bonus, Trithorax-related protein and DOR (Dressel 
et al, 1999; Tsai et al, 1999; Bai et al, 2000; Beckstead et al, 
2001; Sedkov et al, 2003; Gates et al, 2004; Jang et al, 2009; 
Francis et al, 2010; Mauvezin et al, 2010). These co-factors 
can have other binding partners that are themselves regulated 
by different signalling pathways. For example, Abrupt con- 
trolled by JAK/STAT attenuates ecdysone signalling by binding 
to its co-activator Taiman (Jang et al, 2009) . In addition, other 
signalling pathways (insulin, TGF-(3) interact with ecdysone 
pathway components to further modulate cell type-specific 
responses (Zheng et al, 2003; Jang et al, 2009; Francis et al, 
2010) . This offers an additional level of combinatorial possi- 
bilities and suggests a model of gene expression regulation 
that is highly managed by this global endocrine signalling. 

Data presented here show that ecdysone signalling is 
involved in control of early germline differentiation. When 
ecdysone signalling is perturbed, the strength of TGF-(3 signal- 
ling in GSCs and their progeny is modified resulting in a 
differentiation delay. Moreover, soma-specific disruption of 
ecdysone signalling affects germline differentiation cell non- 
autonomously. Ecdysteroids act in somatic ESCs and their 
daughters to regulate cell adhesion complexes and cytoske- 
letal proteins important for soma-germline communication. 
Misexpression of ecdysone signalling components during 
developmental stages leads to the formation of the enlarged 
GSC niche that can facilitate more stem cells. 



Results 

Taiman, a Drosophila homologue of a steroid receptor 
co-activator amplified in breast and ovarian cancer 
(AIB1) influences the size of the niche and GSC number 

The Dwsophila ovary contains distinct populations of stem 
cells: GSCs, which give rise to the gametes, and two types of 
somatic stem cells: ESCs and follicle stem cells (FSCs) 
(Figure 1A). These stem cells reside in stereotyped positions 
inside the germarium, a specialised structure at the anterior 
end of the Drosophila ovary. Both GSCs and ESCs are adjacent 
to somatic signalling centres or niches consisting of the 
terminal filament (TF) and cap cells (CpCs), which promote 
stem cell identity. ESCs produce squamous daughters 
with long processes that encase developing cysts to protect 
them from niche signalling and allow differentiation. These 
different cell types have distinct morphologies and molecular 
markers (Figure 1C and E). 

We performed a pilot genetic screen where clonal germaria 
of hsFlp;FRT40A lethals (DGRC) were analysed in order to find 
novel genes that affect stem cell niche architecture. One of the 
genes found in our screen encoding a Drosophila homologue of 
a human steroid receptor co-activator amplified in breast 
cancer taiman {tai) was of a particular interest. Downregulat- 
ion of Tai using different combinations of tai amorphic and 
hypomorphic mutant alleles resulted in increased GSC number 
and an enlarged niche (Figure ID and F). The GSC average 
number ranged from 3.2 to 5.1 depending on the genotype, 
which was significantly higher than in heterozygous control 
flies (2.1-2.4, Figure ID, F and H; Supplementary Table SI). 
This increase in GSC number coincided with stem cell niche 
enlargement. While control germaria contained on average 6 
niche cells, tai mutant niches consisted of 7-10 CpCs (Figure 
ID, F and G; Supplementary Table SI). These observations 
imply that Tai participates in niche formation and/or GSC 
maintenance or differentiation. 

As it has been shown that in Drosophila Taiman is a co- 
activator of the ecdysone transcription-activating complex 
(Figure II; Bai et al, 2000), we tested if tai and ecdysone 
pathway components genetically interact in the process. 
Transheterozygous germaria {tai/EcR and tai/usp) also showed 
additional GSCs and enlarged niches (Figure 1J; Supplementary 
Table SI), suggesting that the ecdysone pathway regulates early 
germline progression and GSC niche assembly. 



Figure 1 The ecdysone receptor co-activator Taiman controls the number of ovarian germline stem cell niche cells. (A) Schematic view of a 
wild-type germarium: germline stem cells (GSCs, pink) marked by anterior spectrosomes (SS, red dots) are located at the apex of the 
germarium next to the niche cap cells (CpCs, grey). Further noted are terminal filament (TF; dark blue), escort stem cells (ESCs, olive), 
differentiating cystoblasts (CBs, blue), escort cells (ECs, lime), 4, 8 (bright green) and 16 cell (green) cysts in region 2A, indicated by the 
presence of fusomes (FS, red branched structures), follicle stem cells (FSCs, violet) and follicle cells (FC, light grey) in regions 2B and 3. 
(B) Schematic view of a tai mutant germarium with an increased number of single spectrosome containing cells (SSCs, pink and blue), CpCs 
(grey) and additional somatic cells (plum). (C, E) In wild-type germaria, two GSCs marked by the presence of the stem cell marker pMad (C), 
spectrosomes (stained with Adducin) and the absence of the differentiation factor BamC (E) are directly attached to the niche (marked with 
LaminC, arrows). (D, F) In the tai 61G1 /tai BG027U transheterozygous mutant germarium, the enlarged niche is coupled with an increased number 
of GSCs that are pMad positive (D) and BamC negative (F) . In addition, extra somatic cells are present at the anterior (marked with brackets) . 
CpC (G) and GSC (H) numbers are increased in tai mutant germaria. (I) Scheme illustrating that Tai is a co-activator of the EcR/USP nuclear 
receptor complex that is activated upon binding of its ligand ecdysone; Ab negatively regulates the ecdysone signalling by direct binding to Tai 
(based on Bai et al (2000) and Jang et al (2009)). (J) EcR Q50st /tai 61G1 transheterozygous germaria also contain an increased number of GSCs and 
CpCs, indicating that tai genetically interacts with EcR (see Supplementary Table SI). (D-F, J) Projections of optical sections assembled through 
the germarial tissue; GSCs are outlined with yellow dashed lines, niche cells are marked with white arrows; Red, Adducin + LaminC; blue, 
DAPI; and green, pMad (C, D), BamGFP (E), BamC (F) and Vasa (J); Error bars represent s.e.m. *P<0.05, **P<0.005, ***P<0.0005. 
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The steroid hormone ecdysone controls GSC progeny 
differentiation 

To further test the role of the endocrine pathway in the 
germline, we used the ecdysonelessl temperature-sensitive 
mutation {ecdl ts ) that blocks biosynthesis of the mature 
ecdysteroid hormone, 20-hydroxyecdysone. ecdl ts animals 
were allowed to develop normally at the permissive tempera- 



ture and transferred to restrictive temperature conditions 
as 3-day-old adults. When ecdysone production was 
disrupted during adulthood, GSCs continued to divide 
increasing the germarium size, however, their progeny 
delayed progression through differentiation (Figure 2A 
and B). Similar phenotypes were obtained upon ecdysone 
signalling disruption using dominant-negative mutants for the 
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Control ecd ts usp DN EcR DN Control Control hsEcR hsEcR 
5d 29°C 5d 29°C hs hs 5d 29°C 29°C+20E hs hs+20E 



Control ecd ts usp DN EcR DN Control Control hsEcR hsEcR 
5d 29°C 5d 29°C hs hs 5d 29°C 29°C+20E hs hs+20E 



Figure 2 Disrupted ecdysone signalling during adulthood results in delayed germline differentiation. (A) At the restrictive temperature (29°C) 
ecdl ts adult animals contain germaria filled with supernumerary SSCs. (B) Extended depletion of ecdysone furthermore increases the 
undifferentiated SSC number and causes somatic cell defects affecting cyst pinching off from the germarium. (C, D) Heat shock induced 
expression of USP and EcR dominant-negative forms [usp DN [hs-Gal-4-usp-LBD] and EcR DN [hs-Gal-4-usp-LBD]) also lead to the appearance of 
supernumerary SSCs. (E, F) Similarly to the effects that are caused by disturbing the ecdysone pathway via ecdl ts or dominant-negative EcR DN 
and usp DN mutations, expression of the EcR isoforms EcR.A or EcR.Bl induced by heat shock (twice per day for 30 min 4 days in a row) 
increases the number of SSCs, but not GSCs and influences CB differentiation. Note the presence of dumbbell-shaped fusomes in (A-F). (G) In 
control conditions around four SSCs per germarium are detected. Ecdysone withdrawal via ecdl ts mutation as well as heat shock-induced 
expression of usp DN or EcR DN and overexpression of EcR led to a 2- or 2. 5 -fold increase in SSC number, whereas external supply of ecdysone 
does not change the amount of SSCs within the germarium. (H) The ratio of differentiating cysts to SSCs is about 1.5-fold decreased in ecdl ts , 
usp DN and Eci? mutant germaria. This decrease is even more pronounced (seven times) in hsEcR flies. Providing 20E externally can partially, 
but significantly alleviate this early germline differentiation delay. (A-F) Projections of optical sections assembled through the germarial tissue. 
GSCs are outlined with yellow dashed lines, dumbbell-shaped fusomes are marked with arrows and additional somatic cells are marked with 
brackets. Red, LaminC + Adducin; blue, DAPI; and green, pMad (A, E); Vasa (B) and p-galactosidase (C, D, F) Error bars represent s.e.m. 
*P<0.05, **P<0.005, ***P<0.0005. 



ecdysone receptor, EcR and its dimerisation partner USP 
{hs-Gal4-EcR-LBD [EcR DN ] and hs-Gal4-usp-LBD [usp DN ); 
Kozlova and Thummel, 2002), (Figure 2C and D; 
Supplementary Table S2) . Instead of progressively developed 
cysts, mutant germaria were filled with germline cells con- 
taining a single spectrosome (single spectrosome containing 
cells (SSCs)), on average seven SSCs per ecdl ts or EcR DN and 
usp DN germarium were detected in comparison to four in 
control (Figure 2G; Supplementary Table S2). After longer 
ecdysone deprivation germaria look even more abnormal; 
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a slightly decreased GSC number and additional follicle 
cell defects along with abnormal cyst pinching off from the 
germarium, not shared by tai mutants, were observed 
(Figure 2B; Supplementary Table S2). The differentiation 
index or the ratio between developing fusome-containing 
cells and SSCs in the region 1-2A was decreased 1.5-2-fold 
in ecdysone mutant germaria (Figure 2H; Supplementary 
Table S2). Disruption of ecdysone signalling via overexpres- 
sion of EcR {hsEcR.A and hsEcR.Bl) also resulted in the 
appearance of germaria filled with supernumerary SSCs 
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Figure 3 Ecdysone signalling affects the TGF-|3 pathway. (A) Wild-type germarium containing two GSCs, marked by pMad staining. (B) Upon 
blocked ecdysone production the relative pMad expression levels in GSCs are decreased (C, compare the pMad levels measured by grey value in 
A and B). (D) Disruption of ecdysone signalling results in the increase of dumbbell-shaped fusome quantity. In ecdl ts4210 mutant flies that were 
at the restrictive temperature for up to 7 days, 55 % [n = 33) of the germaria have dumbbell-shaped fusomes [ecdl ts218 51 % , n = 37) whereas in 
equally treated w 1118 germaria, only 18% {n = 11) of the germaria contain dumbbell-shaped fusomes. After overexpression of EcR.A or EcR.Bl 
for 7 days 67% or 84% [n = 15, 19, respectively) of the analysed germaria contain dumbbell-shaped fusomes. (E) The characteristics of GSCs, 
SSCs and developing cysts are compared schematically. GSCs express the stem cell markers pMad and Dad lacZ and developing cysts the 
differentiation factor BamC, whereas additional SSCs in germaria deficient of ecdysone signalling are pMad, Dad lacZ and BamC negative, 
showing that they do not maintain stem cell identity and are delayed in development. (F) In wild-type germarium, BamC is present in 
developing CBs adjacent to GSCs, while in ecdysone pathway mutants, ecdl ts (G) and hsEcR (H), the anterior part of the germarium is filled 
with cells that do not express the differentiation marker BamC and contain a single spectrosome or a dumbbell-shaped fusome. (A, B, F-H) 
Projections of optical sections assembled through the germarial tissue. GSCs are outlined with yellow dashed lines, dumbbell-shaped fusomes 
are marked with arrows and BamC-positive differentiating cysts with arrowheads. Red, Adducin + LaminC; blue, DAPI; and green, pMad 
(A, B); BamC (F-H). Error bars represent s.e.m. Significance calculated using the t-test (C), x 2 -test (D). *P<0.05, ***P<0.0005. 



(on average 11 in comparison to 4 in control, Figure 2E-H; 
Supplementary Table S3) . 

The described phenotypes show that ecdysone signalling 
loss of function (by disruption of ecdysone biosynthesis or 
by expression of EcR and USP dominant-negative forms) 
and overexpression of the main receptor of the pathway, 
EcR cause similar abnormalities. Previously, it has been 
shown that the EcR can form homodimers in the absence of 
its binding partners in vitro (Elke et al, 1997), moreover the 
un-liganded receptor complex is repressive and this repres- 
sion is relieved as the hormone titre increases (Schubiger and 
Truman, 2000; Schubiger et al, 2005). 

To test if the latter can be the case in our system, we 
performed experiments where adult flies were fed with 20E. 
Feeding flies with ecdysone alone had no significant effect on 
the number of SSCs or germline differentiation measured by 
the ratio of differentiated cysts to SSCs within one germarium 
(Figure 2G and H; Supplementary Table S3). Interestingly, 
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feeding of ecdysone to the animals that overexpressed 
EcR moderately, but significantly rescued the cyst/SSC 
ratio (Figure 2H; Supplementary Table S3), indicating that 
EcR overexpression when the ecdysone receptor is abundant 
and the ligand is limited is unfavourable for germline differ- 
entiation. 



Ecdysone signalling disturbance affects the intensity of 
TGF-p signalling 

Next, we attempted to analyse the identity of supernumerary 
SSCs. If they are GSCs, they should express appropriate 
markers. However, we found that additional SSCs are nega- 
tive for the stem cell markers, phosphorylated Mad and Dad 
(Figures 2A, E, F, 3B and E). We also noticed that levels of 
pMad in GSCs were significantly reduced upon ecdysone 
deficit (Figure 3A-C), suggesting that ecdysone signalling 
can modulate pMad levels. 
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Figure 4 Expression pattern of the ecdysone pathway components in the Drosophila germarium. (A) The anti-EcR (common region) antibody 
detects high levels of EcR in ESCs and FCs. (B) In the tai GOO 3 08 protein trap line where GFP is expressed under the control of the endogenous 
tai promoter, high GFP levels were detected in CpCs, ESCs and FSCs. (C) Comparable expression pattern is observed with the anti-Tai antibody. 
(D) The nuclear receptor USP detected by the anti-USP antibody shows identical expression pattern to its binding partner EcR. (E, F) Spatial 
patterns of ecdysone signalling activation identified via p-Gal staining of heat-treated hs-Gal4-usp.LBD/ + ; UAS-lacZ/ + (E) and hs-Gal4- 
EcR.LBD/ + ; UAS-lacZ/ + (D) germaria prove ecdysone signalling being mainly active in the ESCs (marked with arrowheads) . (E) The ecdysone 
signalling reporter EcRE-lacZ shows the presence of active ecdysone transcription complex in ESCs as well (marked with arrowheads). Different 
cell types are marked as follows: GSCs, white dashed lines; CpCs, yellow dashed lines; ESCs/ECs, red dashed lines; FCs, green dashed lines. 
Red, Vasa (A), Adducin + LaminC (B, E-G); blue, DAPI; and green, anti-EcR (common region) (A); GFP (B); anti-Tai (C), anti-USP (D) and 
P-galactosidase (E-G). 



As supernumerary SSCs did not express the stem cell 
markers, we next analysed if the increased number of SSCs 
can be explained by abnormal organisation of fusomes, the 
structures that connect daughter cells within one cyst. Cysts 
are formed by a process of mitosis with incomplete cytokin- 
esis, and all cells forming one cyst divide simultaneously (de 
Cuevas and Spradling, 1998). If ecdysone signalling affects 
fusome stability leading to the appearance of dot-like instead 
of branched fusomes, then SSCs are really cells within a 
differentiating cyst and should have synchronised divisions. 
However, staining with a mitotic marker phosphohistone H3 
(PH3) showed that the cell cycle was not coordinated in SSCs, 
which shows that single spectrosomes are not the result of 
fusome breakage in pursuit of cyst de-differentiation into 
single stem cell-like cells (Supplementary Figure SI). 

We also noticed that many fusomes had a dumbbell shape, 
which is a characteristic of perturbed Bam, a TGF-(3 signalling 
target (McKearin and Ohlstein, 1995) (Figures 2B-F, 3B, G 
and H). The amount of germaria with dumbbell-shaped 
fusomes increased from 18% in control to 51-84% in animals 
with exogenous EcR expression and ecdysone deficit 
(Figure 3D). Interestingly, SSCs in germaria mutant for ecdy- 
sone signalling, unlike wild-type differentiating cystoblasts do 
not express Bam, a factor essential for germline differentia- 
tion (Figure 3F-H). Taken together, these analyses show that 
additional SSCs resulting from ecdysone signalling disruption 
are 'undecided' cells that express neither stem cell nor 
differentiation markers (Figure 3E). 

These data suggest that ecdysone signalling affects early 
germline differentiation possibly by modulation of the TGF-(3 
signalling strength causing a developmental delay. Eventually 
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some germline differentiation takes place implying that 
ecdysone signalling is at least partially redundant with other 
pathways for germline progression. 

Ecdysone signalling is predominantly active in ESCs and 
Taiman, an EcR/USP co-activator is spatially limited to 
the soma 

Previous studies show that ecdysone signalling in Drosophila 
has a role in egg maturation and vitellogenesis (Shirras and 
Bownes, 1987; Riddiford, 1993; Buszczak etal, 1999; Kozlova 
and Thummel, 2003; Gaziova et al, 2004; Schubiger et al, 
2005; Terashima and Bownes, 2005; McBrayer et al, 2007), 
now our data indicate that it is also required for differentia- 
tion of developing germline cysts. As germline differentiation 
can be regulated cell autonomously or cell non-autono- 
mously, we decided to test what goes awry in the GSC 
niche community when the ecdysone pathway is perturbed. 
We began with analysing the expression pattern of ecdysone 
signalling pathway components to find out in which cell types 
ecdysone signalling is working. The EcR protein measured by 
a specific antibody was detected mostly in ESCs and ECs, thin 
cells which envelop the differentiating cystoblast to assist in 
differentiation by protecting it from the niche signals 
(Figure 4A). Next, we used a GFP protein trap line inserted 
in the tai gene and detected levels of GFP expression in CpCs 
that form the niche and also to a lesser amount in ESCs 
(Figure 4B). Similarly, staining with Tai and USP-specific 
antibodies (Figure 4C and D; Supplementary Figure S2) 
showed that these proteins are expressed predominantly in 
somatic cells, however, some low levels are also present in 
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the germline indicative of a possible dual role of this 
endocrine pathway in the germline and the soma. 

After determining protein expression we wanted to 
confirm that the ecdysone signalling pathway was active. 
For this, we used reporters with a Gal4 transcription factor 
fused to the ligand-binding domain of USP or EcR {hs-Gal4- 
uspLBD, hs- Gal4-EcRLBD ; Kozlova and Thummel, 2002) . The 
ecdysone pathway activity was detected mainly in ESCs and 
ECs analysed using a somatically expressed UASt lacZ trans- 
gene (Figure 4E and F) . The EcRE-lacZ construct that senses 
the presence of the active ecdysone receptor transcription 
complex (Koelle et al, 1991) also validated the pathway 
activity in ESCs and random CpCs (Figure 4G) . 

Ecdysone signalling is required cell non-autonomously 
for progression through the early steps of germ cell 
lineage 

Our expression data demonstrate that ecdysone signalling 
components are expressed in somatic cells within the GSC 
niche and the signalling is active predominantly in ESCs, 
leading to the hypothesis that ecdysone signalling controls 
germline cell differentiation extrinsically. This idea is further 
supported by the analysis of toi loss-of-function germline 
clones (Supplementary Figure S3) that show that Tai is not 
essential for germline progression: tai mutant GSCs were 
normally maintained (Supplementary Table S4; Supplemen- 
tary Figure S3B) and in general germline differentiation was 
not affected (Supplementary Figure S3 A). Together with 
spatially restricted somatic Tai expression this provides 
evidence that the ecdysone co-activator Taiman can act 
as a cell-specific co-activator of ecdysone signalling in niche 
and ECs. 

To identify specific cellular processes regulated by the 
ecdysone pathway in somatic cells proximal to the ovarian 
stem cell niche, we downregulated ecdysone signalling using 
transgenic UAS tai RNAi, UAS EcR RNAi and UAS ab lines 
crossed to ovarian soma-specific drivers [bablGal4 and 
ptcGal4, for expression patterns see Supplementary Figure 

54) combined with the temperature-sensitive Gal80 system to 
avoid the lethality caused by downregulation of ecdysone 
pathway components during developmental stages. 

When the co-activator of ecdysone signalling Tai was 
downregulated or the co-repressor Abrupt overexpressed in 
soma, mutant germaria contained multiple SSCs (Figure 
5A-C); this mutant phenotype became even more pro- 
nounced over time (Figure 5B and D) resembling older 
ecdl ts (Figure 2B) as well as JAK/STAT mutant germaria 
(Decotto and Spradling, 2005). Similar phenotypes were 
observed when EcR RNAi flies were kept at the restrictive 
temperature; the development of germline cysts was retarded 
(Figure 5E-G), and the ratio of fusome-containing cysts to 
SSCs was reduced 2-3 times (Figure 51; Supplementary Table 

55) . Downregulation of EcR for longer periods (15, 21 days) 
led to an increase in the number of SSCs (from 5 to 9-11 SSCs 
per germarium, Figure 5H; compare 5F and 5G). In addition, 
in proximity to undeveloped cysts mutant germaria contained 
extra somatic cells, most likely improperly differentiated ECs 
(Figure 5, brackets). 

These data provide evidence that the soma-specific disrup- 
tion of the ecdysone pathway is causing germline differentia- 
tion defects, indicating a cell non-autonomous role of this 
steroid hormone signalling. 
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Ecdysone signalling regulates turnover of cell adhesion 
proteins 

In order to analyse how mutant somatic cells cause a block in 
germline cyst maturation, we used an FRT recombination 
system to compare ecdysone pathway deficient and wild-type 
somatic cells within one germarium. Detailed analysis of tai 
mutant ESCs and their progeny showed that they lose their 
squamous shape, and form a layer resembling columnar 
epithelium (Figure 6A). Interestingly, these mutant cells 
expressed higher levels of the cell adhesion molecules 
(3-Catenin/ Armadillo, DE-Cadherin and a cytoskeleton com- 
ponent Adducin (Figure 6A, C and D) . DE-Cadherin was also 
upregulated in abnormal somatic cells resulting from 
somatic overexpression of Abrupt or downregulation of EcR 
{UAS ab or UAS EcR RNAi crossed to ptcGal4/tubGal80 ts ; 
Figure 6E and F) pointing towards possible defects in cell-cell 
contacts, shape rearrangement and signalling transduction 
processes. These data imply that in our system the ecdysone 
pathway has a specific role in EC differentiation via regula- 
tion of cell adhesion complexes that are required for 
establishment of correct germline-soma communications. 
Perhaps, when connections between germline cysts and 
surrounding soma are perturbed, signalling cascades that 
initiate germline differentiation are also perturbed causing a 
developmental delay. 

Ecdysone signalling controls the stem cell niche 
formation 

Another process in the germarium that should require a very 
accurate regulation of cell adhesion is the niche establish- 
ment. If ecdysone signalling is essential to control this process 
as well, we would expect to see abnormalities in niche 
formation in ecdysone pathway mutants. Recall that mutant 
tai animals indeed had enlarged niches and extra GSCs 
(Figure 1C and D), a phenotype not seen in other cases 
analysed here. This discrepancy can be explained by the 
time during the animal's development when the mutation 
was introduced. In the tai experiment, animals were tai 
deficient during all developmental stages, including the per- 
iod of niche establishment. In other cases in this study the 
ecdysone pathway was misregulated during adulthood after 
the niche was already formed and CpCs had stopped division. 
Also, in tai heterozygouts both the soma and the germline 
were mutant and the germline can affect via Notch signalling 
the size of the niche (Ward et al, 2006). To prove that the 
niche expansion is a soma-originated phenotype, we knocked 
down tai in somatic pre-adult cells that contribute to niches 
using the FRT/bab 1 Gal4/UASFlp system that allows to induce 
mutant CpC clones during niche formation. As expected, 
germaria with tai clonal CpCs had substantially enlarged 
niches (Figure 7 A and B), which provides evidence that the 
ecdysone pathway co-activator Tai is required during devel- 
opmental stages specifically in the pre-niche cells to control 
the GSC niche assembly. Possibly in tai mutant somatic cells 
within the larval ovary, like in ECs in adults, increased levels 
of cell adhesion molecules allow them to adhere better 
to germline cells and receive more signalling (Notch for 
example) which makes them adopt the niche cell fate. 

To confirm that the niche enlargement is an ecdysone 
signalling-reliant phenotype and is not associated with 
Tai-independent function, we introduced other ecdysone 
pathway component mutations during the period of niche 
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Figure 5 Ecdysteroids act from the soma to regulate the progression of germline development in the germarium. (A, B) The EcR co-activator 
Tai is downregulated specifically in the somatic cells of the germarium using ptcGal4 and bablGal4 in combination with tubGal80 ts system to 
avoid lethality. Upon downregulation of tai in the soma, the number of developmental^ delayed SSCs increases dramatically. (C, D) 
Overexpression of the Tai repressor, Abrupt using UAS ab with the same drivers causes similar phenotypes as seen with downregulation of tai. 
(B, D) The tai and ab mutant germaria are filled with undifferentiated SSCs, cysts are not pinching off and additional somatic cells (brackets) 
are in the vicinity. Note the similarity of phenotypes caused by ecdysteriod deficit [ecdl ts , Figure 2B) and disruption of ecdysone signalling 
pathway components just in germarial soma. (E-G) The downregulation of the EcR in the somatic cells of the germarium via expression of UAS 
EcR RNAi 97 under control of ptcGal4 (E) and bablGaU (F, G) leads to an increase of SSCs at the expense of developing cysts. Note the presence 
of dumbbell-shaped spectrosomes and additional somatic cells. (H) Bar graph showing extra quantities of SSCs upon EcR downregulation via 
expression of UAS EcR RNAi 97 or UAS EcR RNAi 104 with the somatic drivers ptcGal4 or bablGal4. This phenotype gets more pronounced with 
longer duration of EcR abolition. (I) The ratio of differentiating cysts to SSCs is also decreased correspondingly to the increase in the SSC 
number. (A-G) Projections of optical sections assembled through the germarial tissue are shown. CpCs are marked with arrows, additional 
somatic cells with brackets. Red, Adducin + LaminC (A-G); blue, DAPI; and green, Vasa (C-F), Cadherin (G). Error bars represent s.e.m. 
*P<0.05, **P<0.005, ***P<0.0005. 
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Figure 6 Cell adhesion and cytoskeleton proteins are misregulated in escort cells mutant for ecdysone signalling pathway components. (A) The 
progeny of tai kl51G1 -deficient ESCs marked by the absence of GFP [hsFlp; tai kl5101 FRT40A/UbiGFP FRT40A) formed a columnar epithelium-like 
somatic tissue adjacent to the stem cell niche. These cells also express higher levels of (3-catenin/Armadillo than normal. (B) In the control 
germarium [hsFlp; FRT40A/UbiGFP FRT40A) ESCs (marked by arrows) and EC (marked by arrowheads) show moderate levels of DE-Cadherin, 
while niche-GSC cell contacts have higher DE-Cadherin levels. (C) tai 61G1 deficiency [hsFlp; tai G161 FRT40A/UbiGFP FRT40A) led to the 
upregulation of the cell adhesion protein DE-Cadherin in ECs (arrowheads) and ESCs (arrows). Note also that the number of abnormally 
shaped tai mutant escort cells is increased in (A, C). (D) tai mutant escort cells (arrowheads, hsFlp; tai G161 FRT40A/UbiGFP FRT40A) do not 
properly change their morphology and show higher levels of the cytoskeletal protein Adducin and nuclear envelope marker LaminC. (E) The 
overexpression of the ecdysone signalling inhibitor Abrupt leads to a strongly mutant germarial structure. Somatic cells (marked by the absence 
of the germline marker Vasa) are forming layers all along the germarium and show high DE-Cadherin levels. (F) Somatic abolition of EcR [UAS 
EcR RNAi; ptcGal4/tubGal80 ts ) also increases levels of cell adhesion and cytoskeleton proteins, DE-Cadherin and Adducin. Wide arrows, ESCs; 
arrowheads, ECs; Red, Vasa, Armadillo (A), Cadherin (B, C, E, F), Adducin + LaminC (D); blue, DAPI; and green, GFP (A-E). 



development. As most of the tested mutant combinations 
affected viability, we could disrupt ecdysone signalling during 
development only via induction of single cell clones using the 
act<CD2<Gal4, hsFlp system and via EcR overexpression. 
Mutant single somatic clonal cells expressing UAS ab or UAS 
EcR RNAi resembled niche cells by their shape and ability to 
hold SSCs (Figure 7C and D). On average, mutant germaria 
contained 7.5-8.5 germline SSCs oriented either towards ab 
or EcR mutant or niche cells. UAS EcR.A and UAS EcR.Bl 
expressed by the niche cell-specific driver bablGaU also 
caused formation of an enlarged niche (on average 10 CpCs 
in comparison to 6 in control, Figure 7F, G and K; 
Supplementary Table S6) and appearance of supernumerary 
SSCs (Figure 7H and I; Supplementary Table S6) . To test if 
these excessive niches were able to host extra stem cells, we 
analysed the number of GSCs per germarium by staining 
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mutant germaria with specific markers. We observed that in 
tai and EcR mutants additional SSCs that are touching ex- 
panded niches are positive for the stem cell marker pMad and 
do not stain positively for the differentiation factor Bam 
(Figure 7H-K). The number of pMad-positive GSCs per 
germarium significantly increased in clonal tai mutants 
(4.47±0.26 (P = 4.29 x 10" 7 , n=\S) in tai 61G1 FRT40A/ 
UbiGFP FRT40A;bablGal4Flp in comparison to 2.18 ±0.26 
(n=12) in control) and ecdysone mutants (3.50 ±0.43 
(P = 0.02, n = 6) in UAS EcR.A bablGaU and 3.33 ±0.29 
(P = 0.01, n = 9) in UAS EcR.Bl bablGaU in comparison to 
2.36 ±0.20 (n=ll) in UASlacZ, bablGaU control). These 
observations infer that additional cells in enlarged niches 
are functional and can facilitate extra GSCs. We assume that 
during development the ecdysone signalling pathway has a 
role in the establishment of the stem cell niche. 
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Discussion 

Here, we show for the first time that in Drosophila ecdysone 
signalling regulates differentiation of a GSC daughter and 
modulates ovarian stem cell niche size (Figure 8). The 
delay in GSC progeny differentiation correlates with reduced 
expression levels of TGF-(3 pathway components. Based on 
expression patterns it appears that germarial somatic cells, 
niche and ECs are the critical sites of ecdysteroid action and a 
co-activator of ecdysone receptor, Taiman is the spatially 
restricted regulator of ecdysone signalling in soma. During 
adulthood the ecdysone pathway has a specific role in EC 
differentiation and soma-germline cell contact establish- 
ment. In addition, during development the ecdysone signal- 
ling pathway has a role in somatic niche formation (Figure 8) . 

Ecdysteroids in general control major developmental trans- 
formations such as metamorphosis and morphogenesis in 
Drosophila. Different tissues and even different cell types 
within the same tissue respond to this broad signalling in a 
specific fashion and in a timely manner. In the developing 
Drosophila ovary steroid hormone receptors are expressed in 




Figure 8 Model showing the role of the ecdysone signalling in 
Drosophila ovarian stem cell niche. During development (green 
arrow) ecdysone signalling participates in defining the stem cell 
niche size. During adulthood (black arrows) this hormonal pathway 
has a dual role in regulation of early germline differentiation: 
regulation of cell contacts and cell shape rearrangements via 
adjustment of adhesion complexes and cytoskeletal proteins in 
ESCs and their progeny and control of the potency of TGF-p 
signalling. 



a well-timed mode, high levels coinciding with proliferative 
and immature stages and low levels preceding reduced DNA 
replication and differentiation (Hodin and Riddiford, 1998). 
Mutations in ecdysone pathway components affect ovarian 
morphogenesis, including heterochronic delay or acceleration 
in the onset of TF differentiation. During the niche establish- 
ment the levels of both ecdysone receptors, EcR and USP are 
greatly downregulated in anterior somatic cells that will 
contribute to the niche per se (Hodin and Riddiford, 1998). 
Now, we show that perturbation of ecdysone signalling in pre- 
adult ovarian soma leads to the formation of enlarged niches. 
The specific response to systemic hormonal signalling in niche 
precursors is achieved by a specific function of the ecdysone 
receptor co-activator Taiman. When timely regulation of 
ecdysone signalling does not occur, more cells are recruited 
to become niche cells resulting in enlarged niches that are 
capable to host more stem cells. These data first show that 
ecdysone steroid hormonal signalling regulates the formation 
of the adult stem cell niche and suggest that a developmental 
tuning of ecdysone signalling controls the number of anterior 
somatic cells that will differentiate into CpCs. 

It is logical that stem cell division and germline differentia- 
tion are regulated by some systemic signalling depending on 
the general state of the organism, which depends on age, 
nutrition, environmental conditions and so on. Hormones are 
great candidates for this type of regulation as they act in a 
paracrine fashion and their levels are changing in response to 
ever-changing external and internal conditions. Steroid bind- 
ing to nuclear receptors in vertebrates triggers a conforma- 
tional switch accompanied by increased histone acetylation 
that permits transcriptional co-activators binding and the 
transcription initiation complex assembly (Collingwood 
et al, 1999; Privalsky, 2004). In Drosophila, the trithorax- 
related protein, a histone H3 methyltransferase that like 
Taiman belongs to the pi 60 class of co-activators, and an 
ISWI-containing ATP-dependent chromatin remodelling com- 
plex (NURF), that regulates transcription by catalysing nu- 
cleosome sliding, both bind EcR in an ecdysone-dependent 
manner (Sedkov et al, 2003; Badenhorst et al, 2005), showing 
that chromatin modifications can mediate response to this 
general signalling. Transcriptional regulation has a key role in 
GSC maintenance and differentiation, for example, the TGF-p 
ligand dpp secreted by niche cells induces phosphorylation of 
the transcription factor Mad in GSCs that in turn suppresses 
transcription of the differentiation factor Bam (McKearin 
and Ohlstein, 1995; Xie and Spradling, 1998; Chen and 



Figure 7 Ecdysone signalling is required for niche formation. (A) Downregulation of tai 61G1 before the niche is established [tai G161 FRT40A/ 
UbiGFP FRT40A; bablGal4 UASFlp) causes significant niche enlargement (CpCs marked with arrowheads) that allows to anchor more GSC-like 
cells (marked with white dashed lines). (B) In some extreme cases tai k15101 mutant somatic cells (marked with pink dashed lines) encapsulate 
the whole germarium that is filled with SSCs. CpCs are marked with yellow dashed lines. (C) Clonal overexpression of the Tai repressor 
Ab [UAS<CD2<Gal4 UAS ab; UAS GFP; hsFlp) in somatic cells results in the appearance of supernumerary SSCs that are anchored to UAS ab 
cells marked by GFP. (D) The same can be observed in somatic clonal EcR mutant cells (UAS<CD2<Gal4 UAS EcR RNAi; UAS GFP; hsFlp). 
(E, F) The pre-adult expression of exogenous EcR only in the niche progenitor cells {bablGaU, F), but not in other somatic cells [ptcGal4, E) 
results in the appearance of enlarged niches marked by DE-Cadherin (arrowheads). The average numbers of CpCs (G) and SSCs (H) are 
significantly increased when UAS EcR.A or UAS EcR.Bl are overexpressed during the niche establishment in most anterior pre-niche somatic 
cells [bablGal4], but not in other intermingled somatic cells [ptcGal4] within the larval ovary. (I) The niche expansion increases the number of 
SSCs that are also negative for the differentiation marker BamC. Niche is outlined with pink and GSCs with white dashed lines. (J, K) The 
enlarged tai clonal niches {tai 61G1 FRT 40A/UU GFP FRT 40A; babl Gal4 Flp) and niches overexpressing EcR bear a higher number of GSCs 
whose identity is confirmed by the stem cell marker pMad. Niche is outlined with pink dashed lines in (J) and arrowheads in (K), GSCs are 
marked with white dashed lines. (A-F, I-K) Projections of optical sections assembled through the germarial tissue are shown. Red, 
Adducin + LaminC (A, B, K), Adducin (C-F, I), pMad (J); blue, DAPI; and green, GFP (A-D, J), Cadherin (E, F), BamC (I), pMad (K). 
Error bars represent s.e.m. *P<0.05, **P< 0.005, ***P< 0.0005. 
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McKearin, 2003; Song et al, 2004). In addition, it has been 
shown recently that in Dwsophila adult GSC ecdysone 
modulates the strength of TGF-(3 signalling through a func- 
tional interaction with the chromatin remodelling factors ISWI 
and Nurf301, a subunit of the ISWI-containing NURF chro- 
matin remodelling complex (Abies and Drummond-Barbosa, 
2010). Therefore, it is plausible that ecdysone regulates Mad 
expression cell autonomously via chromatin modifications. 
As pMad directly suppresses a differentiation factor Bam, it is 
expected that Bam would be expressed in pMad-negative 
cells. Interestingly, our findings show that ecdysone deficit 
decreases amounts of phosphorylated Mad in GSCs and also 
cell non-autonomously suppresses Bam in SSCs. As SSCs that 
express neither pMad nor Bam are accumulated when the 
ecdysone pathway is perturbed it suggests that there should 
be an alternative mechanism of Bam regulation. Even though 
eventually this still can be done on the level of chromatin 
modification, our data suggest that the origin of this soma- 
generated signal may be associated with cell adhesion protein 
levels. Further understanding of the nature of this signalling 
is of a great interest. 

The progression of oogenesis within the germarium 
requires cooperation between two stem cell types, germline 
and somatic (escort) stem cells. In Dwsophila, reciprocal 
signals between germline and escort (in female) or somatic 
cyst (in male) cells can inhibit reversion to the stem cell state 
(Brawley and Matunis, 2004; Kai and Spradling, 2004) and 
restrict germ cell proliferation and cyst growth (Matunis et al, 
1997). Therefore, the non-autonomous ecdysone effect can 
be explained by the necessity of two stem cell types that share 
the same niche (GSC and ESC) to coordinate their division 
and progeny differentiation. This coordination is most likely 
achieved via adhesive cues, as disruption of ecdysone signal- 
ling affects turnover of adhesion complexes and cytoskeletal 
proteins in somatic ECs: mutant cells exhibited abnormal 
accumulation of DE-Cadherin, (3-catenin/ Armadillo and 
Adducin. 

Cell adhesion has a crucial role in Dwsophila stem cells; 
GSCs are recruited to and maintained in their niches via cell 
adhesion (Song et al, 2002). Two major components of this 
adhesion process, DE-Cadherin and Armadillo/ (3-catenin, 
accumulate at high levels in the junctions between GSCs 
and niche cells, while in the developing CB and ECs levels of 
these proteins are strongly reduced. Levels of DE-Cadherin in 
GSCs are regulated by various signals, for example, nutrition 
activation of insulin signalling or chemokine activation of 
STAT (Hsu and Drummond-Barbosa, 2009; Leatherman and 
Dinardo, 2010), and here we show that in ESCs it is regulated 
by steroid hormone signalling. Possibly, these two stem cell 
types respond to different signals but then differentiation of 
their progeny is synchronised via cell contacts. While hor- 
mones, growth factors and cytokines certainly manage stem 
cell maintenance and differentiation, our evidence also 
reveals that the responses to hormonal stimuli are strongly 
modified by adhesive cues. 

Specificity to endocrine signalling can be achieved via 
availability of co-factors in the targeted tissue. Tai is a 
spatially restricted co-factor that cooperates with the EcR/ 
USP nuclear receptor complex to define appropriate 
responses to globally available hormonal signals. Tai-positive 
regulation of ecdysone signalling can be alleviated by Abrupt 
via direct binding of these two proteins that prevents Tai 
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association with EcR/USP (Jang et al, 2009) . Abrupt has been 
shown to be downregulated by JAK/STAT signalling (Jang 
et al, 2009). Interestingly, JAK/STAT signalling also has a 
critical role in ovarian niche function and controls the 
morphology and proliferation of ESCs as well as GSCs 
(Decotto and Spradling, 2005). JAK/STAT signalling may 
interact with ecdysone pathway components in ECs to further 
modulate cell type-specific responses to global endocrine 
signalling. A combination of regulated by different signalling 
pathway factors that are also spatially and timely restricted 
builds a network that ensures the specificity of systemic 
signalling. 

Knowledge of how steroids regulate stem cells and their 
niche has a great potential for stem cell and regenerative 
medicine. Our findings open the way for a detailed analysis of 
a role for steroid hormones in niche development and regula- 
tion of germline differentiation via adjacent soma. 

Materials and methods 

Fly stocks 

Dwsophila melanogaster stocks were raised on standard cornmeal- 
yeast-agar-medium at 25 °C unless otherwise stated. Clones were 
induced using the hsFlp/FRT system for mitotic recombination. 
The following stocks were used: y d2 w 1118 ;tai k15101 FRT40A/CyO 
(DGRC Kyoto), dp ov tai 61G1 FRT40A/CyO, tai 01351 ^ '/CyO;ry 506 \ w 1118 ; 
taf 002711 , taf G02309 /CyO, w 1118 ^ 67 ' 23 ^ 11718 ] /CyO, w 1118 ;pUASt 
tai, EcR M554fs /SM6b, EcR Q50st /SM6b, w 1118 ;hs-GAL4-EcR.LBD, w 1118 ; 
hs-GAL4-usp.LBD, w 1118 ;EcRE.lacZ, w 1118 ;hs-EcR.Bl, w 1118 ,hs-EcR.A, 
w 1118 ;UAS-EcR-RNAi 97 , w 1118 ,UAS-EcR-RNAi 104 , usp 4 /FM7a, usp EP119S , 
w 1118 ;UAS-EcR.A, w[*];UAS-EcR.Bl, w 1118 ;UAS-ab.B, UAS-lacZ, 
ecdl 218 , ecd 4210 (Bloomington Stock Centre), tai G00308/CyO 
(Carnegie GFP trap line), tai RNAi [w 1118 ; P{GD4265}, VDRC), 
BamGFP (Dennis McKearin), w 1118 was used for wild-type analysis. 

Transheterozygous interaction 

We used the amorph and hypomorph tai alleles and ecdysone 
pathway mutants EcR Q50st /SM6b or usp 4 /FM7a, usp EP119S . Both the 
number of GSCs (single spectrosome cells that are touching the 
CpCs) and the number of CpCs itself were counted. As a control, 
dp ov tai 61G1 FRT40A/CyO and y d2 w 1118 ; tai kl5101 FRT40A/CyO were 
crossed to w 1118 flies. 



Disruption of EcR in soma 

To specifically disrupt the ecdysone signalling in the somatic cells of 
the germarium, w 1118 ;UAS EcR RNAi 97 , w 1118 ,UAS EcR RNAi 104 , 
w 1118 ;UAS ab.B or tai RNAi [w 1118 ; P{GD4265}), females were 
crossed to ptcGaU; tubGal80 ts or tubGal80 ts ; bablGal4/TM6 males 
at 18°C. The hatched flies were then transferred to 29°C and aged 
for 7, 14 and 21 days. Controls were treated the same. 

Clonal analysis 

Germline and somatic cell clones were done as described previously 
(Shcherbata et al, 2004, 2007) using hsFlp/FRT system for mitotic 
recombination. Early formation of clones in CpCs and ESCs were 
obtained via crossing y d2 w 1118 ; tai kl5101 FRT40A/CyO and dp ov - 
tai 61G1 FRT40A/CyO to Ubi-GFP FRT40A/CyO; bablGal4:UAS-Flp/ 
TM2 flies (gift from A Gonzalez-Reyes). Mutant clones were 
identified by the absence of GFP. 

To induce adult clones y d2 w 1118 ; tai kl5101 FRT40A/CyO and 
dp ov tai 61G1 FRT40A/CyO males were crossed to hsFlp; FRT40A 
GFP/CyO females. 2-4-day-old adult Fl females were heat shocked 
in empty vials for 60min 2 days in a row in a 37°C water bath and 
analysed 5, 7, and 12, 14 days after heat shock. CpC and ESC clones 
were identified by the absence of GFP. 

For generation of somatic ovarian clones we crossed hsFlp;; 
UASt GFPact > FRT-CD2-FRT>Gal4/TM3 males to w 1118 ;UAS ab.B or 
w 1118 ,UAS EcR RNAi females. Third instar larvae were heat shocked 
2 days in a row for 2 h. Clonal cells expressing ab.B or EcR RNAi 
were identified by GFP expression. 
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Overexpression analysis 

For overexpression of EcR isoforms in adult flies, w 1118 ;hsEcR.A flies 
were crossed to w 1118 flies. The offspring with one copy of the 
transgene were heat shocked (37°C) twice per day for 30min 4 or 
7 days in a row. Controls were heat shocked as well. Furthermore, 
flies with a copy of the hsEcR.A transgene were kept at 25°C without 
heat treatment. 

To overexpress the different EcR isoforms specifically in the 
soma w 1118 ;UAS EcR.A and w 1118 ;UAS EcR.Bl (Bloomington Stock 
Center) were crossed to bablGal4/TM6 or ptcGal4. 

Alteration of ecdysone signalling 

To supply more ecdysone hormone, 20-Hydroxyecdysone (20E, 
Sigma- Aldrich) was diluted in 5 % ethanol to a 1 |iM concentration 
and mixed with dry yeast to reach a dough-like consistency. The 
mixture was then placed on top of agar juice plates to culture flies. 
In all, 5% ethanol was used for controls. 

The ecdl ts temperature-sensitive mutation is known to reduce 
ecdysone levels at the non-permissive temperature. Fly stocks were 
kept at the permissive temperature (18°C) and adult flies were 
shifted to the restrictive temperature (29°C) in order to block 
ecdysone synthesis. As a control, wild-type flies were kept at 29°C 
for the same time and ecdl ts flies that had not been shifted to 29°C 
were analysed. 

w 1118 ;hs-GAL4-EcR.LBD and w 1118 ;hs-GAL4-usp.LBD (Kozlova 
and Thummel, 2002) animals were heat shocked 30min/day, 1-3 
days in a row. 

Ecdysone signalling pattern 

To analyse the ecdysone signalling in the germarium, w 1118 ;hs-GAL4- 
EcR.LBD and w 1118 ;hs-GAL4-usp.LBD (Kozlova and Thummel, 2002) 
females were crossed to UAS-lacZ males. Flies were heat shocked for 
60min in a water bath before they were fixed and stained. EcRE- 
lacZ, a homozygous viable stock with seven EcREs inserted into a 
lacZ promoter was used to determine the pattern of ecdysone 
signalling (Koelle et al, 1991). Adult flies were stained for 
P-galactosidase. Taiman expression was identified with the tai 
G00308/CyO enhancer-trap line (Morin et al, 2001). 

Immunofluorescence and antibodies 

Ovaries were fixed in 5% formaldehyde (Polysciences, Inc.) for 
lOmin and the staining procedure was performed as described 
(Shcherbata et al, 2004) . We used the following mouse monoclonal 
antibodies: anti-Armadillo (1:40); anti-Adducin (1:50), anti-LaminC 
(1:50), anti-EcR Agl0.2 (1:20, EcR common region) (Developmental 
Studies Hybridoma Bank), anti-usp (1:50, RB Olano, F Kafatos), rat 
anti-DE-Cadherin (1:50, DSHB), anti-BamC (1:1000, D McKearin) 
and rat anti-Vasa (1:1000, P Lasko), rabbit anti-pMad (1:5000, D 
Vasiliauskas, S Morton, T Jessell and E Laufer), anti-p-Gal (1:1000), 
rabbit anti-tai (1:1000, D Montell), rabbit anti-PH3 (1:3000, Upstate 



Biotechnology) and anti-GFP-directly conjugated with AF488 
(1:3000, Invitrogen), Alexa 488, 568 or 633 goat anti-mouse, anti- 
rabbit (1:500, Molecular Probes), goat anti-rat Cy5 (1:250, Jackson 
Immunoresearch) . Images were obtained with a confocal laser- 
scanning microscope (Leica SPE5) and processed with Adobe 
Photoshop. 

Analysis and statistics 

To determine the number of CpCs, LaminC-positive cells on the tip 
of the germarium were counted. Single spectrosome cells that were 
touching the niche cells were counted as GSCs. Single spectrosome 
cells that were not touching the niche were counted separately. In 
addition, the number of fusomes (indicating the number of cysts) 
until region 2B, where follicle cells start cyst encapsulation, was 
counted. To describe the differentiation in a given germarium the 
number of cysts was divided by the number of SSCs (ratio = cysts/ 
SSCs). The percentage of germaria-containing dumbbell-shaped 
fusomes (McKearin and Ohlstein, 1995) was counted. The intensity 
of the pMad-positive area was determined via measuring the grey 
value in at least 10 GSCs with Leica LAS AF Lite software, the 
background levels were measured by the intensity of the pMad- 
negative area in the germarium. Background levels were subtracted 
to normalise the levels of antibody staining in different germaria. 
Intensity levels relative to control were calculated. GSC main- 
tenance was determined by comparison of the percentage of 
germaria with clonal GSCs between two different time points after 
clonal induction. 

X 2 -test was used to determine if the percentage of dumbbell- 
shaped fusomes was significantly increased. For all other statistical 
analyses, the two-tailed Student's t-test was performed. 

Supplementary data 

Supplementary data are available at The EMBO Journal Online 
(http://www.embojournal.org) . 
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